A technique is presented to determine when anisotropic fracture systems can be modeled as equivalent porous media (continua) for transport. In order to use the continuum approach, one must demonstrate that the fracture system has the same transport behavior as an equivalent porous medium. Hydraulic effective porosity is calculated as the product of specific discharge and mean travel time, divided by linear length of travel. Specific discharge and hydraulic effective porosity are measured in different directions of flow in regions of varying size with constant hydraulic gradients. If the fracture system behaves like an equivalent porous medium, directional flow has the following properties: (1) specific discharge can be predicted from a permeability tensor and (2) hydraulic effective porosity is independent of direction of flow. A numerical model has been developed to simulate mechanical transport under steady flow in a discrete fracture network. The model is used to determine the distribution of travel times from inlet to outlet for fluid traveling in stream tubes. We have examined only systems with parallel fracture sets in which all fractures are long compared to the region under study. These systems satisfy criterion 1 in that flux can be calculated using a porous medium equivalent. However, these systems do not satisfy criterion 2 because hydraulic effective porosity is shown to be directionally dependent. Thus, even though flux can be accurately predicted using porous medium assumptions for some fracture systems, it may not be possible to accurately predict mechanical transport using these same assumptions.
INTRODUCTION
Concerns about radioactive waste storage and the injection of toxic pollutants deep underground have focused interest on the problems of fluid flow and mass transport in groundwater systems. The disposal of pollutants in or near a rock mass where fractures constitute the major conduits of groundwater movement is a central problem. This paper presents a technique for determining when fracture networks can be modeled as equivalent porous media in transport studies. When the porous medium approach is not appropriate, a discrete model that simulates transport in each fracture of the network must be used. However, the discrete approach requires detailed information on the geometry of the fracture system and thus may require an excessive amount of data and computational effort. The advantage of the continuum approach is that average properties are analyzed such that the detailed fracture geometry and simulation of transport within each fracture are not required. Thus the continuum approach is preferable if it can be shown to be appropriate.
In order to evaluate whether the continuum approach is applicable, one must be able to demonstrate that the fracture system has the same transport behavior as that of an equivalent porous medium. However, the fracture system may be anisotropic and transport in anisotropic media is not fully understood. The reason for this is that no solution is available to determine the components of the dispersivity tensor in an anisotropic medium [Freeze and Cherry, 1979, p. 552 ].
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However, mechanical transport, the component of transport that is simply due to the movement of fluids along the flow paths, can be evaluated for anisotropic media. Thus, if we restrict our attention to mechanical transport, we can investigate the conditions under which fractured rock masses behave hydraulically like porous media. In the literature, mechanical transport is often referred to as advective transport.
To understand mechanical transport, we need to be able to evaluate the ratio of fluid flux to mean velocity, tortuosity, and mechanical dispersion, all as a function of direction of flow. In an anisotropic porous medium, the ratio of flux to mean velocity is assumed to be independent of direction of flow and equal to the porosity. Thus a test for equivalent porous medium behavior is to determine if the ratio of flux to velocity is constant in all directions. Less is understood about the directional dependence of tortuosity and mechanical dispersion in anisotropic porous media. Thus evaluation of these parameters in anisotropic fracture networks may teach us something about transport in all permeable media.
A numerical model is used in this research to simulate mechanical transport in discrete fracture networks. We assumed that mechanical transport is the only transport process and that the fluid flow is restricted to planar fractures within an impermeable rock matrix. The model developed in this work is used to simulate mechanical transport by tracing fluid movement within streamtubes that interconnect the inflow and outflow boundaries of a fracture system. It should be emphasized that this simulation of transport is only useful for determining whether or not the system behaves as a porous medium. The analysis does not reveal how a tracer that is subject to diffusion and chemical reactions will migrate through the network. 
REVIEW OF LITERATURE
The hydraulic effective porosity is used in this work to express the relationship between flux and mean velocity, and is defined as the ratio of specific discharge to average linear velocity. Where there is a well-ordered pore structure (i.e., glass beads), ½u is approximately equal to ½. However, where the pore structure is irregular and nonuniform, the hydraulic effective porosity differs from the total porosity and is usually less than ½ because of the presence of stagnant void regions.
A numerical model can be used to simulate a tracer experiment to evaluate ½u when the properties of the porous medium are known. The porous medium is divided into small interconnected subregions called elements, and transport is Schwartz et al. [1981] stochastically generated two orthogonal fracture sets in a rectangular domain. The number of fractures in each set within the domain was controlled by the areal density (the number of fractures per unit area). The fracture centers were randomly distributed in the domain, and the fracture lengths and apertures were generated from exponential and lognormal distributions, respectively. Schwartz et al. avoided a major simplification made in previous transport studies of fracture systems by using fractures of finite length. Impermeable boundaries were created on two opposing sides of the rectangular domain, and constant head boundary conditions were applied to the two remaining sides. Tracer particles were assumed to propagate at a constant velocity within the elements and were also assumed to be completely mixed at the nodes. Molecular diffusion was considered to be negligible within a fracture and thus was not modeled.
Schwartz et al. [1981] found that the spatial particle distribution in the average direction of flow was non-Gaussian and positively skewed. The skewness is attributed to a combination of channels of rapid movement oriented in the direction of flow and channels of slow movement oriented normal to the direction of flow. The bulk of the fluid moves in the direction of gradient, and the majority of the particles travel in this direction. However, as time proceeds, the probability of a particle flowing into a slow channel increases. As particles move through the slow channels, an asymmetrical particle distribution develops.
THE NUMERICAL MODEL
The numerical approach used in this study to investigate mechanical transport in a network of fractures simulates the Laboratory experiments performed by Krizek et al. [1972] led to the conclusion that the complete mixing condition at intersections is valid for laminar flow. However, these experiments were not conclusive. They were limited to the situation in which there was only one inflow element and all outflow elements had nearly identical flow rates. A more general set of experiments should be considered which involves more than one inflow element, with unequal flow rates and unequal con- 
EQUIVALENT POROUS MEDIUM BEHAVIOR
The primary objective of this study is develop a method to determine whether a given fracture system can be treated as an equivalent homogeneous porous medium continuum. The requirements for continuum flow behavior are presented in this section, followed by a discussion of continuum behavior for transport.
In a porous medium, Darcy's law makes it possible to evaluate macroscopic fluid flux properties by treating the medium as an equivalent continuum. Fluid flow characteristics can be analyzed for equivalent porous medium behavior in two ways. First, flow fields created from the boundary conditions shown in Under the boundary conditions presented earlier, the flow field for an anisotropic porous medium is characterized by a uniform specific discharge. Because the specific discharge is a vector, the condition of uniformity implies that both its magnitude and angle of flow are constant. The use of macroscopic The above tests can be used to examine equivalent porous medium behavior for a particular direction of flow. However, Darcy's law also specifies that the flow field in any direction can be predicted by a permeability tensor. If such a tensor exists, the square root of permeability in the direction of flow plots as an ellipse. Thus the shape of the plot of the square root of permeability is the test of whether directional flow for the system behaves like an equivalent porous medium.
To determine equivalent porous medium behavior for transport, one must examine the directional nature of the hydraulic effective porosity. The hydraulic effective porosity is traditionally assumed to be equal either to the total porosity or to the porosity calculated by considering only the conductive void regions. Since both porosities are independent of direction in an equivalent continuum, the hydraulic effective porosity should be constant in all directions. Thus the test for equivalent porous medium behavior for transport is to examine the stability of •b n with direction.
INVESTIGATION OF CONTINUOUS FRACTURE SYSTEMS
To demonstrate the use of the numerical model, the relationships between hydraulic effective porosity and total porosity were examined for two continuous systems of infinitely long fractures. Continuous systems were studied for two primary reasons. Several different-sized flow regions were analyzed to investigate the requirement that a fracture system that exhibits Sizes of flow regions were selected so that the number of elements and nodes in each region was nearly equal to that of the first study. It was anticipated that using the same number of elements and nodes would produce equivalent porous medium flow behavior in this orthogonal fracture system. MPV actual mean pore velocity, cm/s.
